Objectives To compare radial volumetric imaging breath-hold examination with k-space weighted image contrast reconstruction (r-VIBE-KWIC) to Cartesian VIBE (c-VIBE) in arterial phase dynamic gadoxetic acid (Gd-EOB-DTPA)-enhanced magnetic resonance imaging (DCE-MRI) of the liver. Methods We reviewed 53 consecutive DCE-MRI studies performed on a 3-T unit using c-VIBE and 53 consecutive cases performed using r-VIBE-KWIC with full-frame image subset (r-VIBE full ) and sub-frame image subsets (r-VIBE sub ; temporal resolution, 2.5-3 s). All arterial phase images were scored by two readers on: (1) contrast-enhancement ratio (CER) in the abdominal aorta; (2) scan timing; (3) artefacts; (4) visualisation of the common, right, and left hepatic arteries. Results Mean abdominal aortic CERs for c-VIBE, r-VIBE full , and r-VIBE sub were 3.2, 4.3 and 6.5, respectively. There were significant differences between each group (P<0.0001). The mean score for c-VIBE was significantly lower than that for r-VIBE full and r-VIBE sub in all factors except for visualisation of the common hepatic artery (P<0.05). The mean score of all factors except for scan timing for r-VIBE sub was not significantly different from that for r-VIBE full . Conclusions Radial VIBE-KWIC provides higher image quality than c-VIBE, and r-VIBE sub features high temporal resolution without image degradation in arterial phase DCE-MRI.
Introduction
Dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI) is recognised as a useful method for detecting and characterising liver lesions. Assessment of lesion vascularity in the arterial phase is important for the detection of hypervascular neoplasms such as hepatocellular carcinoma. Gadoxetic acid (Gd-EOB-DTPA, Bayer Schering Pharma, Berlin, Germany), a hepatocyte-specific contrast agent [1, 2] , has been used worldwide for contrast-enhanced MRI of the liver. The hepatobiliary phase of Gd-EOB-DTPA-enhanced MRI definitely shows improved lesion detectability [3] [4] [5] [6] . In addition, lesion vascularity can be assessed using dynamic contrast-enhanced MRI (DCE-MRI) using Gd-EOB-DTPA as a non-specific extracellular T1-shortening contrast agent during the arterial phase.
Gd-EOB-DTPA, however, has the major drawback of less arterial enhancement compared with another hepatocytespecific contrast agent, gadobenate dimeglumine (Gd-BOPTA; MultiHance, Barco, Italy), as well as less enhancement than that seen with non-specific extracellular contrast agents such as gadopentetate dimeglumine (Gd-DTPA; Bayer Schering Pharma, Berlin, Germany) [7] [8] [9] . Because the recommended dose of Gd-EOB-DTPA is lower than that of Gd-BOPTA and the extracellular contrast agents, there are some other problems on arterial phase DCE-MR images. Sometimes they cannot be obtained at the optimal scan time because the window of peak enhancement with Gd-EOB-DTPA is narrower than that with Gd-DTPA, assuming the same rate of injection [10] . Second, truncation or Gibbs artefact (socalled 'ringing artefact') is sometimes obvious on arterial phase DCE-MR images using Gd-EOB-DTPA [11] . Some authors attribute this problem to steep signal changes during sampling of k-space [10, 12] .
New imaging sequences are desirable to compensate for the shortcomings of DCE-MRI using Gd-EOB-DTPA. The radial volumetric imaging breath-hold examination (r-VIBE), which is a modified version of Cartesian (traditional) VIBE (c-VIBE), is a new three-dimensional (3D) gradient-echo sequence. The r-VIBE features several advantages over the c-VIBE sequence, including less motion sensitivity, absence of aliasing artefacts, and less degradation of the image quality due to undersampling [13, 14] . Furthermore, r-VIBE with kspace-weighted image contrast reconstruction (r-VIBE-KWIC) allows view sharing and obtains high-temporalresolution sub-frame (time-resolved) images as well as a full-frame image. For these reasons, some authors have reported that free-breathing DCE-MRI using r-VIBE-KWIC is a useful technique for analysis of abdominal organ perfusion [15, 16] . Reports suggest that r-VIBE-KWIC has the potential to produce good quality and high-temporal-resolution (timeresolved) arterial phase images on DCE-MRI with Gd-EOB-DTPA. Brodsky et al. [17] reported another type of timeresolved 3D radial sequence, in which the scan sampled kspace uniformly using half-echo radial sampling during interleaved sub-frames acquisition, with high temporal and spatial resolution resulting. The drawback of this technique is that the reconstruction takes 14 min per frame.
Precise evaluation of the haemodynamics of liver tumours allows improved diagnostic accuracy. Single-level dynamic computed tomography during hepatic arteriography (CTHA) features high spatial and temporal resolution, and is able to demonstrate detailed characteristics of hypervascular lesions such as hepatocellular carcinoma (HCC) [18] and focal nodular hyperplasia (FNH) [19] , though it is a relatively invasive technique with the added drawback of radiation exposure compared with DCE-MRI. Recently, advances in multidetector-row CT (MDCT) with more than 64 channels have enabled precise evaluation of haemodynamics with high spatial and temporal resolution without the necessity of arterial injection, but still necessitating radiation exposure. DCE-MRI using r-VIBE-KWIC, which requires neither arterial injection nor radiation exposure, has the potential to provide high-quality images, useful not only in detection but also in characterisation of hypervascular hepatic lesions. The advantages of breath-hold arterial phase DCE-MRI using r-VIBE-KWIC have not been analysed in comparison with c-VIBE. In this preliminary study, we aimed to compare r-VIBE-KWIC with c-VIBE in arterial phase DCE-MRI of the liver.
Materials and methods
The study protocol was approved by our Institutional Review Board. Written informed consent was obtained from all participating patients before the MRI examinations.
Patients
We retrospectively reviewed the database on DCE-MRI in our hospital. Fifty-three consecutive patients (28 men and 25 women; mean age 66.2 years old) who underwent DCE-MRI for liver disease using c-VIBE between May 2008 and September 2008, and 53 consecutive patients (31 men and 22 women; mean age 66.9 years old) who underwent DCE-MRI using r-VIBE-KWIC between June 2012 and July 2012 were selected for this study. Two patients underwent both examinations. No patients had renal dysfunction. Detailed characteristics of the patients in the two groups are shown in Table 1 . Forty patients in the c-VIBE group and 31 patients in the r-VIBE-KWIC group had chronic liver disease, including HCC. In chronic liver disease group, liver function was evaluated with the Child-Pugh classification system. Of 40 patients in c-VIBE group, 35 patients were classified as A, 5 patients as B. Of 31 patients in r-VIBE-KWIC group, 30 patients were classified as A, 1 patient as B. Development of collateral veins, which indicated portal hypertension, was seen in nine patients in c-VIBE group and eight patients in r-VIBE-KWIC group. Twelve patients in the c-VIBE group and 21 patients in the r-VIBE group had a malignant tumour other than HCC, and underwent liver MRI for survey of liver metastasis. One patient, each in the c-VIBE and r-VIBE-KWIC groups, had a history of bile duct stones. All patients without chronic liver disease had no liver dysfunction. There was no significant difference in age, gender, body weight, Child-Pugh classification, development of collateral veins and prevalence of diseases between the two groups.
MRI data acquisition
All MR images were obtained with a 3-T MR unit (Magnetom Trio; Siemens Medical Systems, Erlangen, Germany) using a standard body array coil and a spine matrix coil provided by the manufacturer. The sequence parameters of c-VIBE and r-VIBE-KWIC are shown in Table 2 . We used generalised autocalibrating partially parallel acquisition (GRAPPA) [20] with an acceleration factor of 2 to optimise the sequences in c-VIBE. Each parameter was adjusted to yield a breath-hold time of approximately 20 s.
Imaging protocol of DCE-MRI
In all patients, we used a standard dose of Gd-EOB-DTPA (0.025 mmol/kg body weight). After placing a 21-gauge catheter in the cubital vein, the contrast agent was injected at a rate of 2 ml/s followed by 40 ml of 0.9 % saline at the same rate. Precontrast and three-phase DCE-MR images were acquired. Arterial phase images were obtained using a bolus timing technique in the c-VIBE group and a fixed time method (25 s after injection started) in the r-VIBE-KWIC group. In the c-VIBE group, the signal in the ascending aorta was monitored, and the MRI was manually started 6 s after the contrast agent arrived at the ascending aorta. In the r-VIBE-KWIC group, we used the KWIC view-sharing technique, with arterial phase images yielding eight sub-frame images per one full-frame image. Eight interleaved subsets of projection views were acquired sequentially to form a full-frame set composed of 168-248 radial projection views (21-31 projection views per interleaved subset). In this manner, the volumetric set of contiguous axial images in r-VIBE-KWIC was divided into two subgroups, a dataset of full-frame images (r-VIBE full ) and a dataset of sub-frame images (r-VIBE sub ; temporal resolution, 2.5-3 s). The r-VIBE sub was available in all cases. Because of technical issues, the r-VIBE full was available in only 43 of 53 cases. Portal venous phase and hepatic venous phase images were not analysed in this study.
MRI analysis
Images in three groups (c-VIBE, r-VIBE full , and r-VIBE sub ) were assessed based on four factors: degree of contrast enhancement in the aorta, scan timing, artefacts and the visualisation of arterial branches. We considered the degree of contrast enhancement in the aorta to be one of the index factors for detecting hypervascular lesions because a higher concentration of contrast material is more effective in detecting hypervascular HCCs [21, 22] . All MR images were analysed with a commercial software package (EV Insite; PSP Corporation, Tokyo, Japan).
Quantitative assessment
To evaluate contrast enhancement, round regions of interest (ROIs) were placed on the abdominal aorta at the level of the celiac artery. The size of the ROIs was maximised without including extra-aortic structures. The signal intensity (SI) within the ROIs on precontrast and arterial phase images was measured by two experienced abdominal radiologists (Y.F. and A.O.). Because our protocol in the c-VIBE group included a parallel imaging method and was ineligible for signal-to-noise ratio (SNR) analysis, we calculated the contrast-enhancement ratio (CER) using the following equation:
The mean SI of two values measured by two radiologists was used for calculation of the CER. In the r-VIBE sub group, the highest CER value among the eight sub-frame images was selected as the arterial phase SI (Fig. 1) . We compared CERs among the three groups.
Qualitative assessment
To evaluate the timing of arterial phase DCE-MR images, two experienced abdominal radiologists (Y.F. and A.O.) independently defined the optimal timing by reference to previous reports as follows [23, 24] : an image on which (1) the hepatic artery (HA) was markedly enhanced, (2) the portal vein (PV) was inhomogeneously enhanced with laminar flow, (3) the hepatic vein (HV) was not enhanced, (4) the hepatic parenchyma was slightly enhanced. They recorded a 'markedly early arterial phase' when there was HA enhancement without PV, hepatic parenchymal or HV enhancement. They recorded an 'early arterial phase' when there was HA enhancement and minimal PV enhancement, but no hepatic parenchymal or HV enhancement. A 'late arterial phase' was defined by HA, PV (without laminar flow), hepatic parenchymal and faint HV enhancement. A 'markedly late arterial phase' was recorded when there was obvious HV enhancement. Based on this definition, the two readers also assessed the MRI timing using a three-point scale (3, optimal; 2, suboptimal; 1, unacceptable). In the r-VIBE sub group, each of the eight sub-frame images was assessed and the one with the highest score was selected for analysis.
To evaluate the quality of the images, the two readers assessed the degree of artefacts using a five-point scale (5, no artefact, diagnostic; 4, faint, diagnostic; 3, moderate, diagnostic; 2, intermediate, non-diagnostic; 1, strong, nondiagnostic) based on the visualisation of intrahepatic vessels and the homogeneity of the hepatic parenchyma (Fig. 2) . In Fig. 1 A 41-year-old man with chronic liver disease. Arterial phase images of r-VIBE sub comprised eight sub-frame images. A region of interest is positioned on the aorta in all sub-frame images. The highest signal intensity (SI) of the aorta is selected for quantitative assessment. The SI on the first sub-frame image is selected in this case the r-VIBE sub group, a selected series of images acquired at the optimal time point was assessed.
Visualisation of hepatic arterial branches, such as common hepatic artery (CHA), right hepatic artery (RHA) and left hepatic artery (LHA), was also assessed by a five-point scale (5, very good, diagnostic; 4, good, diagnostic; 3, fair, diagnostic; 2, poor, non-diagnostic; 1, non-detectable). In r-VIBE sub group, a selected series of images acquired at the optimal time point was also selected for analysis. Values were given as the mean and range.
Statistical analysis
The Kruskal-Wallis test and Dunn's multiple comparison test were used to compare the values of each factor in the three groups. All statistical tests were two-tailed, and differences with P<0.05 were regarded as statistically significant. Kappa statistics were calculated to evaluate inter- 
Results
The mean CER for c-VIBE, r-VIBE full and r-VIBE sub was 3.2 (range, 1.3-6.4), 4.3 (range, 2.3-8.7) and 6.5 (range, 2.7-12.7), respectively. The mean CER for r-VIBE sub was significantly higher than that for c-VIBE or r-VIBE full (P<0.0001), and the mean CER for r-VIBE full was significantly higher than that for c-VIBE (P<0.0001) (Fig. 3) .
The mean score of MRI timing, artefact severity and visualisation in the three groups by the two readers is shown in Table 3 . The mean timing score of r-VIBE sub was significantly higher than that of c-VIBE and r-VIBE full (P<0.05) ( Table 3) . Kappa values of timing were high (good agreement) in the r-VIBE sub group. Readers 1 and 2 gave score 3 (optimal) in 39 (74 %) and 33 of 53 (62 %) patients in the c-VIBE group, 31 (72 %) and 29 of 43 (67 %) patients in the r-VIBE full group and 51 (96 %) and 49 of 53 (92 %) patients in Leftmost images in each row are scored 5 (no artefact, diagnostic) and rightmost images are scored 1 (strong artefact, non-diagnostic); c-VIBE Cartesian volumetric imaging breath-hold examination, r-VIBE sub radial volumetric imaging breath-hold examination with k-space weighted image contrast reconstruction (sub-frame) Fig. 3 Contrast-enhancement ratios of the three groups; c-VIBE Cartesian volumetric imaging breath-hold examination; r-VIBE full radial volumetric imaging breath-hold examination with k-space weighted image contrast reconstruction (KWIC) (full-frame); r-VIBE sub r-VIBE with KWIC (sub-frame); *** P<0.0001; **** P<0.00001 the r-VIBE sub group, respectively. In the r-VIBE sub group, improvement in the score was seen in all the cases (reader 1 and 2) that were scored 1 or 2 in r-VIBE full group (Fig. 4) .
The mean artefact score of c-VIBE was significantly lower than that of r-VIBE full and r-VIBE sub (P<0.05). When the scores 1-2 were considered non-diagnostic and 3-5 diagnostic, kappa values in all groups were 0.788-0.944 (good or excellent agreement).
There was no significant difference in the mean score of CHA visualisation among the three groups except for between c-VIBE and r-VIBE sub according to reader 2. The mean score of RHA visualisation in c-VIBE was significantly lower than that in r-VIBE full and r-VIBE sub by the two readers (P<0.05) (Fig. 5) . The mean score of LHA visualisation in c-VIBE was also significantly lower than that in r-VIBE full and r-VIBE sub (P < 0.01). Again, with a score of 1-2 considered nondiagnostic and 3-5 diagnostic, agreement between the two readers was varied, but there were no instances of poor agreement.
Discussion
In this study, the CER in r-VIBE sub was significantly higher than that in c-VIBE and r-VIBE full . We attribute this finding to differences in temporal resolution. When the total acquisition time of DCE-MRI is 20 s, the sampling time for filling up a low-frequency region in k-space is approximately 10 s with c-VIBE. In this period, SI in the aorta changes rapidly. Therefore, the SI of the aorta during the arterial phase is dynamically averaged. The higher temporal resolution of the r-VIBE sub affords more accurate measurement of peak and dynamic changes in SI (Fig. 6) . The CER of r-VIBE full was higher than that of c-VIBE. In this study, Table 3 Mean scores of each factor c-VIBE Cartesian volumetric imaging breath-hold examination, r-VIBE full radial VIBE with k-space weighted image contrast (full-frame), c-VIBE radial VIBE with k-space weighted image contrast (sub-frame); HA hepatic artery, CHA common hepatic artery, RHA right hepatic artery, LHA left hepatic artery * P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001 a Kappa values were calculated with the scores 1-2 considered non-diagnostic and 3-5 diagnostic there were some differences between two groups involving parallel imaging, voxel size and the use of bolus tracking. In c-VIBE, we used a parallel imaging technique that tended to lower the SNR. The voxel size of c-VIBE (6.79±0.64 mm 3 ) was significantly smaller than that of r-VIBE full (10.20±1.80 mm 3 ) (P<0.001). The smaller voxel size in c-VIBE also tended to lower SNR. In c-VIBE, dynamic averaging of the bolus involved a risk of data sampling to start slightly before or slightly after the optimum intensity was achieved.
One of the interesting results in this study is that sub-frame images of r-VIBE-KWIC (r-VIBE sub ) were obtained at optimal timing more frequently than full-frame images. Namely, the high temporal resolution of r-VIBE sub provided optimal timing for arterial phase DCE-MRI, and high contrast enhancement. Optimal timing is one of the keys to accurate Fig. 4 Dynamic contrast-enhanced MRI using r-VIBE-KWIC in a 62-year-old-woman with chronic liver disease. On a full-frame image (a), laminar flow in the portal vein is seen, but the liver parenchyma is well enhanced and hepatic veins are unclear. This image was scored 2 by both readers. Among sub-frame images (b), the first sub-frame image was selected and scored 3 (optimal) by both readers because of laminar flow in the portal vein, slightly enhanced liver parenchyma, and unenhanced hepatic vein (small white arrows) Fig. 5 Dynamic contrast-enhanced MRI using c-VIBE and r-VIBE-KWIC (4 years after c-VIBE) in a 66-year-old man with liver cirrhosis. a On the arterial phase of the c-VIBE image, the right (white arrowhead) and left hepatic artery (white arrow) can be detected. b On the arterial phase of the r-VIBE full image, the right (white arrowhead) and left (white arrow) hepatic artery are clearly seen. c On the arterial phase of the r-VIBE sub image (fourth sub-frame), the right (white arrowhead) and left (white arrow) hepatic artery are also clearly seen lesion assessment. Previous studies have reported the value of multiple arterial phases for detection and characterisation of HCC [25, 26] . Lesion characterisation is outside the scope of this study; however, we show preliminary findings in the haemodynamics of HCC, which is commonly hypervascular. In Fig. 7 , r-VIBE sub displays a more prominent early tumour stain compared with r-VIBE full . Corona enhancement, one of the characteristic findings of HCC on CTHA [18] , is also seen. However, improved haemodynamic evaluation was not validated in this study.
DCE-MRI of the abdomen is usually performed with breath-holding. There is an unavoidable trade-off between image quality and acquisition time (temporal resolution). The limit of breath-holding time for patients may be approximately 20 s, and not all patients can always achieve this task. This problem results in motion artefact in DCE-MRI with Cartesian view ordering technique (c-VIBE in this study). Radial view ordering technique has the advantage of overcoming motion artefact without degrading the image quality, because the central k-space region is repetitively sampled [27] . DCE-MRI with Cartesian view ordering technique has another Fig. 6 Schematic image of the relation between time-intensity curve of the aorta and scan time. On c-VIBE, the sampling time of low-frequency region in k-space is approximately 10 s. The signal intensity of the aorta, though it varies markedly throughout the sampling time (grey bar), is averaged. The sampling time of r-VIBE with k-space weighted image contrast reconstruction (r-VIBE-KWIC) is approximately 20 s, but divided into eight sub-frames, each of whose temporal resolution is approximately 2.5 s (diagonal bars). The real peak signal intensity of the aorta is reflected in the sub-frame image (white bar) because of its high temporal resolution Fig. 7 An 81-year-old man with hepatocellular carcinoma (HCC) underwent dynamic contrast-enhanced MRI using r-VIBE with k-space weighted image contrast reconstruction (r-VIBE-KWIC). a On the r-VIBE-KWIC (full-frame image, r-VIBE full ) arterial phase image, a hypervascular HCC is seen. b On r-VIBE-KWIC arterial phase images (eight sub-frame images, r-VIBE sub ), enhancement of the HCC is most prominent in the third sub-frame image (white arrow) compared with the r-VIBE full image. Washout of the tumour and corona enhancement (small white arrows) are seen on the 5th-8th sub-frame images problem of ringing artefact that degrades the quality of MR images. It is more prominent on DCE-MR images using GD-EOB-DTPA than Gd-DTPA because the time-intensity curve of the former has a single peak (short peak) pattern and the latter has a double peak (long peak) pattern [10] ; i.e. sampled data of the former includes greater changes in the signal than the later. Though r-VIBE-KWIC images are theoretically less susceptible to image problems such as truncation and motion artefact, there is a characteristic artefact, the so-called 'streaking artefact', due to undersampling and/or susceptibilityrelated effect [14] . Though our qualitative assessment of artefact includes some of the above factors, motion and truncation artefact affected c-VIBE images and streaking artefact affected r-VIBE-KWIC images. In this study, the mean scores for artefacts in r-VIBE-KWIC (both r-VIBE full and r-VIBE sub ) were higher than those for c-VIBE. Our results suggest that truncation and motion artefact played a much more prominent role in degradation of image quality than streaking artefact. In addition, streaking artefact seems to be a minor problem because it can be reduced by the use of an iterative method for improving image quality in the arterial phase of DCE-MRI [28] .
Visualisation of the RHA and LHA with r-VIBE full and r-VIBE sub was better than with c-VIBE. This result also suggests that r-VIBE-KWIC images are of higher quality than c-VIBE images. However, there was no significant difference in CHA visualisation among the three groups according to reader 1, and between c-VIBE and r-VIBE full according to reader 2. The CHA normally runs close to the PV. Hence, contrast between the CHA and PV, and good spatial resolution in the z-axis, are essential for visualisation. In this point, our results were acceptable because the slice thickness of r-VIBE-KWIC was slightly thicker than that of c-VIBE.
Another interesting result in our study is that the mean score of all factors in r-VIBE sub was not significantly lower than that in r-VIBE full . In r-VIBE sub , the number of the projection views in the central k-space region was one-eighth that of r-VIBE full because we used eight sub-frame images. A small number of projection views causes streaking artefact, i.e. deteriorates image quality [14, 28] . However, the image quality of r-VIBE sub compared favourably with that of r-VIBE full . This result also suggests that streaking artefact is a minor problem and r-VIBE sub , having both less artefact and higher temporal resolution, is the most useful for detection and characterisation of liver lesions.
Limitations of our study are, first, varied sequence parameters for the two sequences. However, we believe that it was minor because each sequence was optimised for clinical examination. However, the voxel size of c-VIBE was significantly smaller than that of r-VIBE-KWIC (P<0.001); i.e. the resolution of c-VIBE was higher than that of r-VIBE-KWIC. Our results suggest that the image quality of r-VIBE was higher than that of c-VIBE regardless of the lower resolution of r-VIBE-KWIC. However, we should note that the smaller voxel size of c-VIBE than that of r-VIBE-KWIC in this study introduces bias because a small voxel size is considered a disadvantage for high SNR images. Second, there were some variations in the case characteristics in each group, though there was no statistically significant demographic difference between the two groups. Third, the delay time of the arterial phase in the r-VIBE full and r-VIBE sub groups was fixed. Kagawa et al. [29] reported that the time of peak aortic enhancement was 21.0±5.9 s and the time of peak HCC enhancement was 29.9±4.6 s after injection of Gd-EOB-DTPA (at a rate of 2 ml/s). Thus, the peak CER of the aorta in r-VIBE full and r-VIBE sub group might be underestimated, though the timing of the arterial phase was optimal. Bolus tracking technique may improve this issue.
In conclusion, r-VIBE-KWIC (r-VIBE full and r-VIBE sub ) provided higher image quality than c-VIBE in our setup, and the r-VIBE sub was characterised by high temporal resolution without degradation of the images on arterial phase DCE-MRI.
